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High activity of cubic PtRh alloys supported on
graphene towards ethanol electrooxidation
Lu Rao, Yan-Xia Jiang,* Bin-Wei Zhang, Yuan-Rong Cai and Shi-Gang Sun*
Cubic PtRh alloys supported on graphene (PtxRhy/GN) with different atomic ratio of Pt and Rh were directly
synthesized for the first time using the modified polyol method with Br for the shape-directing agents. The
process didn’t use surface-capping agents such as PVP that easily occupy the active sites of electrocatalysts
and are difficult to remove. Graphene is the key factor for cubic shape besides Br and keeping catalysts
high-dispersed. The X-ray diffraction (XRD), scanning electron microscope (SEM) and transmission electron
microscope (TEM) were used to characterize the structure and morphology of these electrocatalysts. The
results showed that they were composed of homogeneous cubic PtRh alloys. Traditional electrochemical
methods, such as cyclic voltammetry and chronoamperometry, were used to investigate the electrocatalytic
properties of PtxRhy/GN towards ethanol electrooxidation. It can be seen that PtxRhy/GN with all atomic
ratios exhibited high catalytic activity, and the most active one has a composition with Pt : Rh = 9 : 1 atomic
ratio. Electrochemical in situ FTIR spectroscopy was used to evaluate the cleavage of C–C bond in ethanol at
room temperature in acidic solutions, the results illustrated that Rh in an alloy can promote the split of C–C
bond in ethanol, and the alloy catalyst with atomic ratio Pt : Rh = 1 : 1 showed obviously better performance
for the C–C bond breaking in ethanol and higher selectivity for the enhanced activity of ethanol complete
oxidation to CO2 than alloys with other ratios of Pt and Rh. The investigation indicates that high activity of
PtxRhy/GN electrocatalyst towards ethanol oxidation is due to the specific shape of alloys and the synergistic
effect of two metal elements as well as graphene support.
1. Introduction
Direct ethanol fuel cell (DEFC) plays a significant role in resolving
the reasonable use of resources and controlling environmental
pollution which are the two vital problems for sustainable develop-
ment of the national economy. As a fuel, ethanol has several
important advantages: it is a non-toxic liquid, easy to store and
transport; it can be produced in large quantities from renewable
sources (e.g. sugar, starch and cellulose); and has high energy density
(8.01 kW h kg1 as compared to 6.09 kW h kg1 for methanol).1–3 As
we all know, ethanol electrooxidation involves two parallel pathways,
direct oxidation and indirect oxidation path:
At present, Pt is still considered to be the most active electro-
catalyst for ethanol oxidation at low temperature. However,
it is difficult for Pt to break the C–C bond in ethanol besides
self-poisoning during the operation.4–6 A big challenge in the
development of DEFC technology is to explore highly active
catalysts for breaking the C–C bond to accomplish ethanol
complete oxidation to CO2 releasing 12 electrons.
As known, size, dispersion, structure and composition
of noble metal catalysts as well as the support material
play important roles in improving their catalytic activity and
stability.7–11 Therefore, considerable efforts have focused on
the design and fabrication of Pt-based nanocatalysts with high-
performance.12–18 There are three main ways to enhance the
electrocatalytic activity of catalysts nowadays. One strategy is to
search for suitable support materials to effectively disperse
catalyst particles and simultaneously strengthen the interaction
between catalyst and support.8,9 It was found that graphene
(GN) is of interest as catalyst support. GN exhibits exceptional
advantages with extremely high specific surface area, excellent
conductivity, ultrathin thickness, expansion of interlayer
spacing and numerous active defects.19,20 These properties
make it more attractive as a support material to improve
electrocatalytic performance of catalyst particles for EOR. In
the second case, more efforts have been devoted to utilizing the
Pt-based bimetal and trimetal as catalysts which exhibit enhanced
electrocatalytic activity exceeding that of each component owing
to synergistic effect. In recent years, PtSn/C has been widely
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accepted as the most effective catalyst for EOR in acidic media.2
Numerous study results showed addition of Sn to Pt could
increase the overall reaction rate of EOR, lowering the onset
potential and increasing the peak current density; however,
in situ Fourier transform infrared spectroscopy (in situ FTIRS)
and differential electrochemical mass spectroscopy (DEMS)
results demonstrated that compared to pure Pt, the PtSn
catalysts did not help that much in improving the selectivity
for CO2 formation, and acetaldehyde and acetic acid were
dominant products during the ethanol oxidation reaction
(EOR).21 It has recently been reported that rhodium has a great
potential to achieve a C–C bond cleavage during the EOR.22,23
Adzic et al. stated that the ternary PtRhSnO2/C electrocatalyst
was effective in splitting the C–C bond of ethanol at room
temperature and caused its predominant oxidation to CO2 at a
very low overpotential. The catalytic property of this ternary
electrocatalyst was attributed to the synergistic effect between
all three constituents.4 The last, but not least, approach is to
apply a electrocatalyst with a suitable surface structure because
EOR is the reaction dependence of Pt structural surface. The
dependency rules in EOR have been well researched, and the
different activities of the Pt surfaces with different crystallo-
graphic orientations afforded the possibility of optimizing the
catalysts’ surface. Liu et al. address the role of the surface
structure on the selectivity in ethanol oxidation by theoretical
calculation. The three most typical Pt surfaces, namely close-
packed Pt{111}, stepped Pt{211}, and open Pt{100} were
explored. They pointed out from density functional theory
calculations (DFT) that the open surface Pt{100} was the best
facet to fully oxidize ethanol at low coverage.24 Based on the
above, the combination of GN, Pt and Rh as well as cubic
nanoparticles provides good opportunities for making novel
and high performance electrocatalysts. Recently, cubic PtRh
alloy nanoparticles have usually been achieved by utilizing
organic surface-capping agents such as polyvinylpyrrolidone
(PVP) in a wet chemistry process.25 The organic surface-
capping agents must be removed prior to EOR because clean
metallic surfaces with catalytically active sites are required.26
However, it is very difficult to remove completely capping
agents. The removal processes often destroy the surface struc-
ture of the catalyst, causing shape deformation and particle
agglomeration which greatly hinder the practical application of
the shaped metallic nanoparticles as catalysts.27
In this work, we have successfully synthesized Pt, Rh and
alloyed PtRh cubic nanocatalysts which possessed a catalyti-
cally clean surface by direct nucleation and growth on the
GN support with the aid of tetramethylammonium bromide
that is easy to remove for the first time. When the Pt and Rh
precursor were reduced in the presence of the GN support and
a shape-directing agent of Br, nucleation occurred on the
carbon surface, and the nuclei formed on the carbon supports
grew into a cubic shape. The directly prepared cubic PtRh/GN
need not any treatment for the removal of surface-capping
agents, showing superior specific activity, long-term stability




Hexachloroplatinic acid hexahydrate (H2PtCl66H2O, A.R.), rhodium
chloride dihydrate (RhCl32H2O, A.R.), H2SO4 (G.R.), ethanol,
ethylene glycol and tetramethylammonium bromide ((CH3)4NBr)
were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Graphene was purchased from Nanjing
Xianfen nano-materials technology Co. Ltd. Millipore water
(18.2 MO cm) provided by a Milli-Q Labo apparatus (Nihon
Millipore Ltd.) was used in all experiments. All of the reagents
used in the experiment were directly used without further
purification. The commercial Pt/C catalyst with 20 wt% total metal
loading was obtained from the Johnson Matthey Corporation.
Nafion solution (5%) was purchased from Dupont Corporation.
2.2. Synthesis of the cubic PtxRhy/GN electro-catalysts
The catalysts were synthesized using a modified polyol method.
In a typical procedure, a total of 0.05 mmol of Pt ions and Rh
ions in H2PtCl6 and RhCl3 precursors with different atomic
ratios, 0.75 mmol of tetramethylammonium bromide, and
graphene joined at 40% loading were dissolved into 10 mL
of ethylene glycol in a 25 mL round-bottom flask at room
temperature. The mixed solution was heated to 180 1C in an
oil bath, holding at the temperatures for 20 min under magnetic
stirring, resulting in a black solution. When the reaction was
complete, the cubic PtxRhy/GN alloys (x and y represent the
atomic number of Pt and Rh) supported on graphene were
separated by centrifugation and washed twice by precipitation/
dissolution with ethanol and Millipore water.
2.3. Physical characterizations
The X-ray diffraction (XRD) measurements were taken on a
Rigaku Dmax-3C diffractometer using Cu KR radiation (40 kV,
30 mA, l is 0.15408 nm). The surface structure of PtxRhy/GN
was characterized by means of scanning electron microscopy
(SEM, HitachiS-4800 SEM) and transmission electron micro-
scopy (TEM, TECNAI F30, JEM-2100). The loading of PtxRhy on
the GN were determined by energy-dispersive X-ray spectroscopy
(EDS). The size distributions of the Pt and PtxRhy nanoparticles
supported on graphene were calculated by 200 particles for each
sample from TEM images.
2.4. Electrochemical measurements
The glassy carbon electrode (GC) was polished mechanically
with alumina powder with sizes of 5, 1 and 0.3 mm and then
washed with Millipore water in an ultrasonic bath. Certain
amount PtxRhy/GN catalyst ink was dropped on the GC and left
to dry, in order to ensure the electrochemical active area of
different electro-catalysts which are dropped on the electrode is
the same. Nafion was used to form a thin layer on the surface of
PtxRhy/GN. The 3.2 nm commercial Pt/C electrode (Pt/C) was
prepared by the same method for comparison. The electro-
chemical experiments were carried out in a three-electrode
electrochemical cell connected to a PAR 263A potentiostat
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potentials were quoted versus the saturated calomel electrode
(SCE). The solution was deaerated by bubbling high purity N2
for 15 min before measurements, and this atmosphere was
maintained by a flow of N2 gas over it during the experiment.
All experiments were carried out at room temperature. Before
cyclic voltammogram (CV) and potential step curves of ethanol
oxidation were recorded in 0.1 M HClO4 and 0.1 M ethanol
solution, the working electrodes were electrochemically cleaned
by means of potential scans (50 mV s1) between 0.23 V and
1.20 V in 0.5 M H2SO4 solution until a stationary CV was
obtained.
Adsorption of CO (COad) is carried out by bubbling CO gas
(99.9% purity) into electrochemical cell containing 0.5 M H2SO4
solution for 15 min, and then CV was taken between the
potential 0.23 V and 0.05 V versus SCE at the rate 100 mV s1
to ensure CO saturated absorption on the work electrode. Then a
pure N2 stream was bubbled into the cell for 20 min to remove
the CO dissolved in the H2SO4 solution. In this case, no CO is
in the solution, and only COad is on the electrode surface.
Subsequently, COad oxidation test was achieved using cyclic
voltammetry and in situ FTIRS.
2.5. Electrochemical in situ Fourier transform infrared
reflection spectra
Electrochemical in situ FTIR reflection spectroscopy (in situ
FTIRs) measurements were conducted on a Nexus 8700 spectro-
meter (Nicolet) equipped with a liquid nitrogen-cooled MCT-A
detector. A CaF2 disk was used as the IR window, and an IR cell
with a thin layer configuration between the electrode and the IR
window was approached by pushing the electrode against the
window before FTIR measurement. In situ FTIR spectra were
collected using both single potential alteration FTIR spectro-
scopy (SPAFTIRS) and multi-stepped FTIR spectroscopy
(MSFTIR) procedures. The resulting spectra were reported as
the relative change in reflectivity and calculated as follows
DR/R = (R(ES)  R(ER))/R(ER) (1)
where R(ES) and R(ER) are the single-beam spectrum obtained
by Fourier transform processing of co-added and averaged
interferograms collected at sample potential ES and reference
potential ER, respectively.
3. Results and discussion
3.1 Physical characterization of electrocatalysts
Fig. 1 shows the XRD diffraction patterns of the PtxRhy/GN
catalysts, and the diffraction patterns of both Pt/GN and Rh/GN
are also given for comparison. Pt/GN displays characteristic
diffraction peaks at 39.05, 45.80, 66.85 and 80.78. While Rh/GN
is at 40.52, 47.56, 69.56 and 84.10, it appears in a little higher 2y
value. The four diffraction peaks are characteristic of the face-
centered cubic (fcc) crystalline structure, corresponding to the
(111), (200), (220) and (311) faces, respectively. It can be
observed that the four diffraction peaks of three PtxRhy/GN
catalysts are located at higher 2y values with respect to that of
Pt/GN, while at lower 2y values compared to that of Rh/GN. The
diffraction peaks shift to the higher 2y values with an increase
of Rh content in the PtxRhy/GN catalysts. For example, the (111)
peaks of PtxRhy with atomic ratio (9 : 1), (4 : 1), (1 : 1) and (0 : 10)
were located at 39.84, 40.14, 40.36 and 40.52, respectively, while
the value of Pt was at 39.05. Intrinsically, Pt and Rh have very
close diffraction peak positions due to their similar crystalline
structure and lattice constants (3.9231 for Pt, and 3.8031 for
Rh),6 resulting in Pt and Rh diffraction peaks that cannot be
resolved separately in any of the XRD patterns. The absence of
doublet in PtxRhy/GN diffraction peaks is interpreted as the
formation of solid solution between Pt and Rh, which is also
demonstrated from Pt–Rh phase diagram.28
To evaluate the morphology and particle size distribution, SEM
and TEM analysis were performed. The morphology of as-prepared
Pt/GN, PtxRhy/GN and Rh/GN is characterized by SEM and TEM
approaches. SEM images for Pt/GN, PtxRhy/GN and Rh/GN are
shown in Fig. 2. It can be seen from Fig. 2(a) to (e) that the
nanoparticles exhibited a basically cubic shape, and were uniformly
well-dispersed on the stratiform structure GN. From the EDS results
of PtxRhy/GN, as shown in Fig. 2(f), we found that the atomic
Fig. 1 XRD diffraction patterns of the as-prepared PtxRhy/GN catalysts with
different Pt/Rh atomic ratios: (a) 10 : 0; (b) 9 : 1; (c) 4 : 1; (d) 1 : 1; (e) 0 : 10.
Fig. 2 (a)–(e) SEM images of as-prepared PtRh/GN catalysts with different
















































This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 13662--13671 | 13665
ratio of Pt and Rh approximated the precursor ratio. Hence, the
synthesis procedure achieves effective control in both structure
and composition. Fig. 3 exhibited the TEM images for Pt/GN,
PtxRhy/GN and Rh/GN, and histograms of the particle size dis-
tribution. Low-magnification images give further evidence for the
cubic shape of PtxRhy/GN. The average size of nanoparticles with
different composition were evaluated from 200 nanoparticles in
the TEM image of PtxRhy/GN, to be 22.36  3.80, 17.07  2.58,
14.87  2.59, 14.50  2.49 and 13.44  2.39 nm respectively, as
shown in the histogram in Fig. 3(a)–(e).
From the histogram it can be seen that the distribution lies in a
narrow particle size range, illustrating that size of electrocatalysts
is very uniform. It is noteworthy know that the grain size decreases
gradually with Rh content seen in Fig. 3(f). This may be attributed
to the difference of coordination ability between [PtBr6]
2 and
[RhBr6]
3, as well as the small atom radius of Rh comparison with
Pt. High resolution TEM images of Pt/GN (g), Pt9Rh1/GN (h) and
Rh/GN (i) are displayed in Fig. 3(g)–(i), clearly showing that cubic
shape. Lattice spacing of 0.196 nm and 0.191 nm corresponded to
the (100) planes of Pt and Rh, respectively. It can be seen that the
lattice fringes pass through the entire image, indicating that the
prepared nanoparticles consisted of (100) planes.
3.2 Structure characterization of electrocatalysts by cyclic
voltammetry
SEM and TEM images only show local structure information;
they cannot be used to evaluate the overall surface structure of
PtxRhy/GN. Cyclic voltammograms (CVs) of the PtxRhy/GN
provide overall information of the surface structure since
hydrogen adsorption–desorption peaks in the clean supporting
electrolyte reflect the characteristics of different Pt surface
sites. CVs of the as-prepared catalysts are exhibited in Fig. 4.
The electrochemical surface area (ECSA) of electrocatalysts here
was calculated by QH/210 mC cm
2, where QH was the charge of
hydrogen adsorption by integration of the CV recorded in pure
electrolyte H2SO4 solution, and the value, 210 mC cm
2, was
taken for a monolayer hydrogen adsorption on a smooth
polycrystalline Pt electrode. Furthermore, the peak at 0.01 V
is identified with the adsorption of hydrogen on the Pt(100) sites;
and the peak at 0.15 V is attributed to the adsorption of
hydrogen on (110) sites. In comparison with commercial Pt/C,
cubic Pt/GN, Pt9Rh1/GN and Pt4Rh1/GN show obvious adsorption
of hydrogen on the Pt(100) sites. It is noted that the peak at (100)
sites in pure cubic Rh/GN is obviously different from that of pure
cubic Pt/GN. Therefore, when the quantity of Rh increased, the
adsorption of hydrogen on Pt(100) sites decreased, resulting in
Pt1Rh1/GN has not shown clear Pt(100) characteristic peak at
0.01 V. Cyclic voltammetric results further demonstrated that
PtxRhy/GN nanoparticles are cubic structure. Furthermore, it can
be seen that the adsorption potential of hydroxyl on Rh (0.32 V)
is more negative than that on Pt (0.54 V).
3.3 Electrochemical activity of PtxRhy/GN toward ethanol
oxidation
In order to evaluate the activity of the PtxRhy/GN catalysts
towards the ethanol electro-oxidation, CV curves were recorded
in the solution of 0.1 M HClO4 + 0.1 M CH3CH2OH (shown in
Fig. 5a). Shapes of the CVs supplied the typical profiles of
ethanol oxidation on Pt-based electrode. The hydrogen adsorp-
tion feature was inhibited on all catalysts, indicating strong
adsorption of ethanol molecules on the Pt active sites. For pure
rhodium, it shows very low activity for EOR, because Rh has less
efficient dehydrogenation ability than Pt does. In general,
the current density of technical interest is a value more than
0.2 mA cm2 for the oxidation of ethanol. Thanks to the cubic
shape Pt/GN shows higher activity than commercial Pt/C
does. As seen from Fig. 5a, the potential on the different ratio
PtxRhy/GN catalyst at 0.2 mA cm
2 is almost the same, the value
is ca. 0.382 V, which is ca. 42 mV and 76 mV lower than that on
Pt/GN and commercial Pt/C respectively. The introduction of
Rh to Pt catalyst system increases the catalytic activity of the
catalyst for EOR, illustrating that the bifunctional action of Pt
and Rh plays a role in its activity towards ethanol oxidation. In
comparison with the peak current of EOR on Pt/GN, the value is
the highest on Pt9Rh1/GN, and then it is on Pt4Rh1/GN, and it is
a little lower on Pt1Rh1/GN. The dissociative adsorption of
ethanol having taken place mainly on Pt sites, when Pt was
replaced partly by Rh the quantities of dissociative adsorption
of ethanol will decrease. Hence the replacement of plenty of
Pt sites by Rh actually lowers the oxidation current densities
of EOR, resulting in that Pt1Rh1/GN shows lower activity than
Pt/GN does. As reported, ethanol electro-oxidation gives two
peaks, the first peak (peak A) is commonly ascribed to ethanol
oxidation to form acetaldehyde, acetic acid and CO2, and the
second peak (peak B) is almost completely ascribed to acetic
acid.23 The values of peak A/peak B are 0.92, 0.96, 1.06 and 0.91
on Pt9Rh1/GN, Pt4Rh1/GN, Pt1Rh1/GN and Pt/GN, and Pt1Rh1/GN
shows a maximum. The fact implies that the introduction of Rh
Fig. 3 (a)–(e) TEM images of as-prepared PtxRhy/GN catalysts with different
Pt/Rh atomic ratios: (a) 10 : 0; (b) 9 : 1; (c) 4 : 1; (d) 1 : 1; (e) 0 : 10 and the
corresponding particle size distributions of the electrocatalyst. (f) The variety
of average particle size along with Rh atom content; (g)–(i) HR-TEM images
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into catalyst promotes the cleavage of the C–C bond of ethanol,
and Pt1Rh1/GN possesses better capability for C–C bond
cleavage, which will be demonstrated by in situ FTIRS later.
The stability of the catalysts was also investigated by chron-
oamperometry. Fig. 5b illustrates transient current density
curves (j–t) recorded at 0.3 V (SCE) at room temperature with
different atomic ratio PtxRhy/GN, and Pt/GN and commercial
Pt/C catalysts. The current is decreased sharply in the first few
seconds and then reaches a steady-state current gradually.
Different atomic ratio PtxRhy/GN exhibits similar stability to
commercial Pt/C, while Pt/GN shows a little low stability. It can
be found that the current densities of ethanol oxidation on
Pt9Rh1/GN and Pt4Rh1/GN are 0.12 mA cm
1 and 0.10 mA cm1,
which are 2 times and 1.6 times of the Pt/C (0.06 mA cm1)
Fig. 4 Cyclic voltammograms in 0.5 M H2SO4 for as-prepared PtxRhy/GN and commercial Pt/C.
Fig. 5 Comparison of (a) cyclic voltammograms and (b) transient current density curves ( j–t) recorded at 0.3 V with different atomic ratio PtxRhy/GN
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catalysts at 1800 s. It indicates that Pt9Rh1/GN and Pt4Rh1/GN
possess much higher catalytic activity per unit surface area for
the oxidation of ethanol. The superior stability and activity of
Pt9Rh1/GN and Pt4Rh1/GN may be ascribed to the strong
interaction between the lager p bond of graphene and PtRh
nanoparticles which can decrease mutual aggregation of platinum
atoms.29 Besides, highly ordered graphitic carbon for GN is less
susceptible to the corrosion phenomenon than disordered
carbonaceous material such as commercial carbon.30
Fig. 6 shows stripping curves of the adsorption of CO (COad)
for as-prepared cubic catalysts in 0.5 M H2SO4. It can be seen
that baselines of COad stripping curves are inconsistent due to
the difference of electric double layer that is related to capacitance
and particle size of PtxRhy/GN catalysts. The difference of peak
shape is attributed to surface structural effect and electronic
effect. A positive shift of the onset potential of COad oxidation
on a different ratio PtxRhy/GN happens compared to Pt/GN. Rh
plays two roles in PtxRhy/GN catalyst system. Firstly, it can provide
oxygen species at the lower potential for the oxidation of ethanol,
which can also be observed in Fig. 4. Secondly, it promotes
the breaking of C–C bond in ethanol. CO adsorption energy for
Pt–CO is 125 kJ mol1 and for Rh–CO is 134 kJ mol1.5 The
addition of Rh to Pt in the PtxRhy catalyst system might
increase CO bond energy on PtxRhy, and although OH adsorbs
on Rh at lower potentials in comparison to Pt, the oxidation of
CO at PtxRhy is still retarded. Consequently we conclude the
major effect of Rh in PtxRhy catalysts is more likely to increase
C–C bond splitting but not provide oxygen species more readily
for CO electro-oxidation.
3.4 In situ FTIRS
Electrochemical in situ FTIR spectroscopic studies were further
used to identify the intermediates and products and evaluate
the selectivity of ethanol oxidation at molecular level. Fig. 7
shows in situ FTIR spectra on different catalysts during EOR.
The reference spectrum (R(ER)) was recorded at the beginning
of the experiment with the electrode potential at 0.20 V. The
sample spectra (R(ES)) were collected from 0.05 to 0.60 V with a
50 mV interval. The result spectra were calculated by eqn (1).
A number of bands appeared with the increase of electrode
potential. According to the criteria of result spectrum adopted,
Fig. 6 COad stripping curves for as-prepared PtxRhy/GN catalysts with
different Pt/Rh ratios in 0.5 M H2SO4, v = 50 mV s
1.
Fig. 7 (a)–(e) In situ MS-FTIR spectra of samples for ethanol oxidation in 0.1 M ethanol and 0.1 M HClO4 solution (a) Pt/GN. (b) Pt9Rh1/GN. (c) Pt4Rh1/GN.
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the negative and positive bands indicate respectively the pro-
duction and consumption of species at the sample potentials.
The bands’ location and their assignments are listed in Fig. 7f.
Carbon dioxide (CO2), acetic acid (CH3COOH) and acetaldehyde
(CH3CHO) are the main products of ethanol oxidation in acidic
solution, which is in accordance with the reported literature.4,6 The
band at B2345 cm1 is a signature peak for the OQCQO
asymmetric stretch vibration of CO2 that comes from completely
oxidation of ethanol, which reflects the cleavage of the C–C bond
in ethanol oxidation. The band at B1720 cm1 is the stretching
vibration of the CQO bond in acetic acid and acetaldehyde
because of possible overlap at this wavenumber, which comes
from incompletely oxidation of ethanol. A well-defined band at
1280 cm1 is the characteristic absorption of C–O stretching in
acetic acid, which is usually used for quantitative evaluation of
acetic acid. The upward band at 1047 cm1 is attributed to the C–O
stretching vibration of CH3CH2OH, representing the consumption
of ethanol due to oxidation. It is noteworthy that lined bonded CO
(COL) at 2050 cm
1 can be seen in all catalysts. While there
appearances a negative peak at 1900 cm1 which is ascribed to
the bridged bonded CO (COB) on PtxRhy alloy, indicating that the
Rh exists in the surface of PtxRhy bimetal alloys.
Fig. 8a and b shows the variation of integrated intensities of CO2
band (2345 cm1) and C–O band (1280 cm1) with applied poten-
tials for PtxRhy/GN and commercial Pt/C samples. It can be clearly
seen that on all catalysts the amount of acetic acid (1280 cm1)
increased with the potentials, especially at high potential; however,
CO2 production increased fleetly before 0.4 V, and then it increased
laxly from 0.4 to 0.5 V and a decrease followed. This is because of
more oxygen species adsorbed on the surface of Pt and Rh when the
potential exceeds 0.4 V. The adsorbed oxygen species promote the
direct oxidation of ethanol to from acetic acid and acetaldehyde. The
cleavage of the C–C bond of ethanol is consequently inhibited. It can
be proven from the band intensity of COL and COB which is
decreased when the potential is above 0.4 V in Fig. 7. Moreover,
from Fig. 8(a) it can be seen that the amount of CO2 of different
electro-catalysts decrease in the order: Pt1Rh1/GN 4 Pt9Rh1/GN 4
Pt4Rh1/GN. In fact, at low Rh concentration, such as Pt9Rh1/GN,
there are not enough Rh sites to effectively break the C–C bond. This
indicates the size of these graphene supported PtRh alloys is most
likely to play an essential role besides the concentration and
composition of Rh in this case. It is noteworthy that catalyst loading
increases and the grain size for PtxRhy/GN decreases gradually with
Rh content increasing seen from Fig. 2(f) and 3(f). All aspects
of factors influence the fracture of C–C bond, and result in that
Pt4Rh1/GN is less active than both Pt9Rh1/GN and Pt1Rh1/GN for the
cleavage of C–C bond. In order to evaluate the ability of C–C bond
cleavage of ethanol we plotted as a function of electrode potential
with the ratio between integrated intensity associated with the total
oxidation pathway (CO2) and intensity associated with the partial
oxidation pathway (CH3COOH) (see Fig. 8c). It can be seen that the
ratio of ICO2/ICH3COOH increases and then decreases with the potential
increasing, and the maximum is at 0.4 V. This illustrates that the
CO2 is produced from the oxidation of C1,ads produced at low
potential, and CH3COOH is generated by direct oxidation of ethanol
at high potential.
As a discussion of Fig. 5, peak A is ascribed to ethanol oxidation
to form acetaldehyde, acetic acid and CO2, and the maximum of
peak A is at 0.6 V. In order to better assess the selectivity of these
electrocatalysts, we collected in situ SPAFTIR spectra of ethanol
oxidation in 0.1 M ethanol and 0.1 M HClO4 solutions in
PtxRhy/GN and commercial Pt/C, in which ER is 0.25 V and
ES is 0.6 V (Fig. 9). By comparing the ratio of intensities of CO2
band to acetic acid band on PtxRhy/GN and commercial Pt/C, we
determined the ratio of band intensities of CO2 to acetic acid on
the Pt9Rh1/GN, Pt4Rh1/GN and Pt1Rh1/GN, which are 0.85, 1.33
and 1.45 times that on the commercial Pt/C. It implies that the
Fig. 8 (a) Integrated band intensities of CO2 (2345 cm
1) and (b) CH3COOH (1280 cm
1) in FTIR spectra from commercial Pt/C and PtxRhy/CN with
different atomic ratio Pt/Rh; (c) the ratio between integrated intensity with the total oxidation pathway (CO2) and intensity associated with the partial
oxidation pathway (CH3COOH) as a function of the electrode potential for different electrocatalysts.
Fig. 9 In situ SPAFTIR spectra of ethanol oxidation for as-prepared
PtxRhy/GN and commercial Pt/C, ER = 0.25 V, ES = 0.6 V, in 0.1 M ethanol
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introduction of enough Rh atoms is favourable towards the
cleavage of C–C bond and enhances the CO2 selectivity. For the
catalysts Pt4Rh1/GN and Pt1Rh1/GN, there are sufficient numbers
of Rh sites for C–C bond dissociation and subsequent to the
dissociative adsorption of ethanol at Pt centres. However, at a
substantially higher Rh concentration, dehydrogenation of ethanol
is significantly inhibited because the number of available Pt sites
decreases. On the other hand, incorporation of a relatively small
amount of Rh on the catalyst surface such as Pt9Rh1/GN appears to
be negligible for the enhancement of selectivity for ethanol oxida-
tion. At a low Rh concentration, there are not enough Rh sites to
effectively break the C–C bond. As reported, the adsorption configu-
ration of ethanol on Pt and Rh is different. For Rh, it is an
oxametallacyclic conformation so that it is easy to produce the
intermediate CH2CH2O where C–C bond is easier to be split on
the consideration of the minimum energy.31 While Z2-acetaldehyde
is preferred on Pt surfaces, the conformation is favourable for
acetaldehyde production where C–C bond is difficult to be split.
Therefore, the role of Rh was to adsorb and stabilize the key
intermediate CH2CH2O in this route owing to the formation of
an oxametallacyclic conformation, which leads to a cleavage of
C–C at a reasonable speed. Rh prefers *CH2CH2O, and Pt likes to
dehydrogenation, the synergistic effect of two metals promotes
the cleavage of C–C bond in ethanol. *CH3CH2OH - *CH3CHO +
H* - *CH2CH2O + 2H* - *CH2 + *CH2O + 2H*.
4
In order to study the role of Rh in PtxRhy/GN for EOR, the
adsorption of CO on all catalysts also is investigated by electro-
chemical in situ multi-step potential step FTIR spectra in 0.5 M
H2SO4 solution. The saturated adsorption of CO is controlled as
described in the Experimental section. The sample spectra
(R(ES)) were collected at the beginning of the experiment with
the electrode potentials increase from 0.20 V to 0.30 V with a
Fig. 10 (a)–(e) In situ MS-FTIR spectra for adsorbed CO oxidation in 0.5 M H2SO4 solution, ER = 0.8 V, ES = 0.2–0.3 V, 800 scans, (a) Rh/GN. (b) Pt9Rh1/GN.
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50 mV interval, in which COad species are stable adsorption on
electrode surface. The reference spectrum (R(ER)) was recorded
finally at 0.80 V where COad species are oxidized completely to
form CO2. The result spectra were obtained according to
eqn (1). Fig. 10 shows in situ FTIR spectra of COad on different
catalysts of PtxRhy/GN. Three IR bands could be observed. The
negative-going bands around 2060 and 1890 cm1 are assigned
to IR absorption of COL and COB at ES, respectively. Besides the
COL and COB bands, a positive-going band near 2345 cm
1 is
ascribed to IR absorption of CO2 species that were derived from
the oxidation of COL and COB at ER. In comparison with the IR
absorption of COad on Pt/GN electrode, the IR absorption of
COad on Rh/GN electrode is at lower wavenumber. When the
content of Rh increases in PtxRhy alloy, the wavenumber of
COad decreases accordingly, indicating the adsorption ability of
COad on Rh is stronger than on Pt. This is also another evidence
for Rh helping to break C–C bond.
4. Conclusions
We have successfully synthesized Pt, Rh and a series of alloyed
PtxRhy cubes directly supported on graphene by a polyol
reduction method with Br for shape-directing agent for the
first time. The process need not add those surface agents such
as PVP that occupy the active sites of electrocatalysts and are
difficult to remove. For the directly prepared cubic PtxRhy/GN, it
can be directly applied in various catalytic systems without
further treatment, and the interaction force between nano-
particles and carbon support is stronger as compared to their
mechanical mixture of catalyst and carbon support. Besides,
the p sites (sp2-hybridized carbon) on the GN act as anchoring
centers for nanoparticles, thus strengthening the nanoparticle–
support interaction. As a result, the cubic PtxRhy/GN showed
superior specific activity and long-term stability to commercial
Pt/C catalysts for EOR. Furthermore, we used electrochemical
in situ FTIR spectroscopic technology to investigate the reaction
process of EOR and evaluate the role of Rh. We demonstrated
that CO adsorption ability on rhodium is stronger than that on
platinum, and Rh promotes the cleavage of the C–C bond and
improves the selectivity of CO2. These findings implied that the
synergistic effect of multi-composition aids to maximizing the
catalyst performance, and a combination of the traditional
electrochemical method and in situ FTIR spectroscopic tech-
nology is an effective approach to evaluate the electrocatalytic
performance for ethanol oxidation.
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